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ABSTRACT 
Selectedtraceelements,ionicspeciesandorganic/elementalcarboninaerosolsweremeasuredinsummerat
Ny–Alesund in theArctic, and an interpreted approach combining elemental ratios, back–trajectories and
enrichment factorswasused toassess the sourcesofaerosolsobservedat this location.Aerosol samples
influencedbyshipemissionswerefeaturedbyelevatedconcentrationsofnon–crustal(nc)vanadium(V),nc–
nickel (nc–Ni), non–sea salt (nss) sulfate (SO42о) and ratios of nc–Ni/nc–V (1.7) and nss–SO42о/nc–V (200).
Whentwocruiseshipswithmorethan1500passengersvisitedNy–AlesundinJuly2012,thetotalsuspended
particulate(TSP)massreached2290ngmо3,almostthreetimesthemedianTSPconcentration(609ngmо3)
measured during the study period. The nc–V concentration reached 0.976ngmо3, about 38–fold higher
comparedtothemeanvalueofthesamplingperiod,andthisvaluewasevenhigherthantheannualmean
valueobservedatZeppelinstationandthevaluesmeasuredduringHazeeventsatNorthAmericanArcticand
NorwegianArctic.Theconcentrationsofnc–Niandnss–SO42оwere0.572ngmо3and203ngmо3,whichwere
8–fold and 2–fold higher than themedian values of the sampling period.While in the few–ship period,
defined as the periodwith none or only one cruise shipwith less than 1000 passengers being present,
aerosolsat this locationcouldbeaffectedbyamixed impactof localemissionsand long–range transport,
reflectedbythenc–Mn/nc–VratiosandelementenrichmentfactorsoftenfoundintheairmassesfromNorth
America Arctic, Iceland and North Eurasia. Results from this study suggest that cruise ship emissions
contributedsignificantlytoatmosphericparticulatematteratNy–Alesundinthesummer,effectingairquality
inthisarea.
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1.Introduction

TheArctic isafragileecologyandclimatesystem,sensitiveto
externalperturbations.Evensmallfluctuations,suchaschangesin
aerosols by transported air pollutants from mid–latitudes and
emissions within the Arctic, can have a profound impact on
environmental changes in the region (AMAP,2011).Black carbon
fromshipemissionshasbeensuggestedtoplayasignificantrolein
theobservedArcticwarming,a20%ofthewarmingandsnow–ice
cover losswasduetotheblackcarbonalbedoeffect(Bondetal.,
2013).TheArcticatmosphereinsummerisofparticularinterestas
thereare relatively lowparticlenumberconcentrations in theair.
Long–range transport of aerosols is limited during the summer
compared with winter, as the Arctic front is weak and moves
furthernorth(LawandStohl,2007)andscavengingofaerosolsby
cloudsandprecipitationishighinthesummer(BourgeoisandBey,
2011). As a result, local aerosol sources have become more
important in the summer (Zhan andGao, 2014).During thepast
decade, human activities including aviation, shipping, oil and gas
flaring and resource exploitation have increased in the summer
(Vestrengetal.,2009),affectingtheArcticclimatethroughalerting
snow/ice albedo (Bond et al., 2013) and the formation of cloud
condensationnuclei(Jouanetal.,2014).

It has been found that marine shipping has a significant
influence on particulate matter concentrations in the Arctic
(Eckhardtetal.,2013).Shipemissionscontributeabout30о40%of
thetotalPM2.5and10%ofthePM10concentrationsduringtourist
seasons in the port cities in the Gulf of Alaska (Molders et al.,
2010), andmarine shipping in the Arcticmay increasewith the
retreat of Arctic sea ice (Corbett et al., 2010). The shipping
emissions intheArcticmay increaseblackcarbonby50% in2030
and increase ozone by 10% in the Arctic lower troposphere
(Dalsorenetal.,2013).The consequenceof these impactsonair
qualityintheArctichasnotbeenwellstudied.

Ny–Alesund isoneof themostnorthern communities in the
world. A number of studies conducted during the summer have
investigated the sources of aerosols in the Arctic. In the 1980s,
elevated anthropogenic aerosols were observed during the
summer months due to long–range transport from the former
SovietUnionandEurope (PacynaandOttar,1985;Maenhautand
Cornille,1989;BarrieandBarrie,1990).However, the long–range
transport of pollutants from Eurasia significantly declined since
early 1990’s; therefore aerosol concentrations affected by this
processhasdeclinedaswell(Weinbruchetal.,2012).Localsources
(e.g., transportation, electric power production, coalmining and
coalburning)havebeenproposedaspotentialcontributorstothe
regionalpollution(Ottaretal.,1986;Andersonetal.,1992;Genget
al.,2010).Shipsincreasedinthelast10yearsinSvalbard,andNy–
Alesundaccountedfor15%ofallSvalbardship landings(Hagenet
al.,2012).Given the fact thata largenumberofshipsvisitedNy–
Alesundduringthesummermonths,shipemissionsmaycontribute
to particulate matter in the air and affect the regional aerosol
chemical composition (Weinbruch et al., 2012; Eckhardt et al.,
2013).
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More recent work has recognized marine shipping in Ny–
Alesund (Eckhardt et al., 2013). In the year 2007, ship emissions
were responsible for 90% of the total nitrogen oxides (NOX) and
93%of theblack carbon in theSvalbardarchipelago (Vestrenget
al., 2009). Eleftheriadis et al. (2009) suggested that 0.2% of the
measured equivalent black carbon concentrations at Zeppelin
station could probably be attributed to ship emissions. Sootwas
observedwhencruiseshipsvisitedNy–Alesund (Weinbruchetal.,
2012). Eckhardt et al. (2013) suggested that equivalent black
carbonand60nmparticles increased45%and72%, respectively,
whencruiseshipswithmore than50passengerswerepresentat
Ny–Alesund. To date, few work focus on the impact of ship
emissionsonthechemicalcompositionofaerosols.

In this study,we use non–crust vanadium (nc–V), nc–nickel
(Ni) and non–sea salt (nss) sulfate (SO42о) in aerosol as chemical
tracers to evaluate the impact of ship emissions on aerosol
concentrations at Ny–Alesund in the summer. In addition, the
features of aerosol concentrations observed during the few–ship
period, defined as the periodwith none or only one cruise ship
withlessthan1000passengersbeingpresent,wereinterpretedby
employing the ratios of nc–V/nc–Mn, backward trajectories and
enrichmentfactorsoftraceelements inaerosolsatNy–Alesund in
thesummer.

2.Methods

2.1.Samplingsite

Sampling of aerosols was carried out in July 2012 at the
Chinese Arctic “Yellow River Station” (YRS) [78.92°N, 11.93°E,
13mabove sea level (a.s.l.)] in the settlementofNy–Alesund, in
theSvalbardIsland(Figure1).Ny–Alesundisaresearchcommunity
with up to 150people living there in the summer, while only
around 15 permanent residents are there duringwintermonths.
Pollution sources in and around Ny–Alesund include power
stations, cars, airplanes andwater traffic, including small vessels
andlargecruiseships.
2.2.Meteorologicalconditions

Thesoundingprofileshowsthattheheightofboundary layer
over this areawas a1000meters (Figure 2), consistentwith the
resultsderivedfromtheMicroPulseLidar(Engvalletal.,2008).As
hills around the station are from 400 to 1431m a.s.l., a lower
starting point for trajectories could affect the accuracy of the
calculations,andthustheheightat1000ma.s.l.waschosenasthe
arrivalelevationforeachtrajectorycalculation.Ontheotherhand,
asshown inFigure3duringthesamplingperiod,the lower–than–
averagepressureover theArcticand stronger–than–averagehigh
pressures over Greenland existed in July 2012. This pattern
increased in Greenland Blocking and enhanced southward
meridional winds across the Arctic, resulting in the north–west
prevailingwinds overNy–Alesund that brought in the influences
fromthedirectionoftheopenArcticOcean(Figure3band3c).This
featurewasalsoreflectedbyanorth–westsectorinthewindfields
at the sampling location,although therewasastronger sectorof
southeastwindsfromglacierareasduetothetopographiceffects
(Figure4). As airmasses that arrived at the 1000m a.s.l could
quicklymixwiththesurfaceairinthisarea(Strometal.,2009),the
96–hoursamplescollectedat thesurfacecouldcontainamixture
ofbothlocalandregionalair.

2.3.Backwardtrajectoryanalysis

Ten–daybackward trajectorieswerecomputedby theHybrid
Single–Particle Lagrangian Integrated TrajectoryModel 4 (Draxler
andHess,1998) to trace theairhistory.TheNationalCenters for
EnvironmentalPrediction (NCEP)–NationalCenter forAtmospheric
Research (NCAR) reanalysismeteorological datawas fed into the
model. The data showed a horizontal resolution of 2.5x2.5
degrees,17verticallevelsupto10hPa,andatemporalresolution
of 6–hour. To evaluate the relative contributions of air from
different origins, cluster analysiswas used to classify trajectories
into different groups. The percentage of air masses from each
groupforeachsamplewascalculatedandlistedinTable1.



Figure1.AerosolsamplingsitesandsoilsamplingsitesatNy–Alesund.

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Table1.Samplinginformation,meteorologicaldataaandassociatednc–Mn/nc–VratiosatNy–AlesundinJuly2012
Nob SampleTime Temperature(°C)
Relative
Humidity
(%)
WindSpeed
(ms–1)
Wind
Direction
(°)
Pressure(hPa) nc–Mn/nc–V AirMassBack–Trajectoryc
1 07/04–07/07 6.5(5.2о8.1) 76(57о93) 2.3(0.0о6.2) 139(1о356)
1008.9
(1005.4о1017.2) 0.20
Iceland(72%),
NorwegianSea–Barents
Sea(28%)
2 07/07–07/10 5.6(3.8о7.1) 77(60о90) 3.4(0.0о11) 169(2о359)
1018.0
(1001.8о1024.0) 1.01
ArcticOcean(75%),
NorwegianSea–Barents
Sea(25%)
3 07/10–07/13 5.9(3.1о8.8) 72(50о90) 4.7(0.7о9.4) 214(0о357)
1005.9
(1001.2о1010.9) 1.07
ArcticOcean(75%),
NorwegianSea–Barents
Sea(25%)
4 07/13–07/16 5.9(3.1о7.9) 76(60о90) 3.1(0.0о8.7) 159(6о349)
1009.0
(1004.5о1012.4) 0.31
NorthRussia–LaptevSea–
ArcticOcean(75%),
NorwegianSea–Barents
Sea(25%)
5 07/16–07/19 6.1(4.4о9.1) 78(66о86) 2.4(0.5о7.5) 124(1о354)
1 008.8
(1004.7о1011.1) 0.12
YamalPenisula–KaraSea–
BarentsSea(100%)
6 07/19–07/22 6.0(3.1о9.1) 75(50о93) 3.5(0.2о8.2) 151(20о354)
1006.1
(1002.9о1010.3) 0.55
KaraSea–BarentsSea–
YamalPenisula(100%)
aMeteorologicalparameterswerereportedintheformofmean(minimumоmaximum)
bChemcombcartridgesandKC–6120collectedsamplesinparallel
cTendaysback–trajectories(HYSPLIT;DraxlerandHess,1998;arrivalheight1000ma.s.l.)

Figure2.Theprofilesoftemperatureandhumidityonthecoastof
Kongsfjordern(78.92°N,11.93°E)in1July2012,basedonthe
RadiosoundingdataprovidebyTheGermanAlfredWegenerInstitutefor
PolarandMarineResearch(AWI)andtheFrenchPolarInstitutePaul
EmileVictor(IPEV).

2.4.Samplecollection

Air Samplerswere installed on the roof of the YRS building,
7m above the ground.A Chemcomb (C) cartridge (Model 3500;
Thermo Scientific,Waltham,MA, USA)was used to collect total
suspendedparticles (TSP)operated at a flow rateof 16.7Lminо1
andwithasamplingdurationof3days,followingtheproceduresin
Gaoetal.(2013).Teflonfilters(47mmdiameter,1.0μmporesize;
PallCorp.,PortWashington,NY,USA)wereusedassamplingmedia
for the determination of trace elements, anions and cations in
aerosols. Amodel KC–6120 comprehensive atmospheric sampler
(Laoshan Electronic Instrument Factory, Qingdao, China) with a
flow rateof96Lminо1wasused tocollectTSP for theanalysisof
elemental carbon (EC)andorganic carbon (OC),withquartz fiber
filters(MK360;90mmdiameter,0.3μmporesize;MunktellCorp.,
Falun, Sweden) being used as the samplingmedia. These quartz
fiber filters were pre–baked at 550°C in a muffle furnace for
12hours before sampling, and after then theywerewrapped in
aluminumfoilsandstoredat4°Cuntillaboratoryanalysis.Allfilter
handlingwascarriedoutina100–classlaminarflowcleanhoodin
the laboratoryof theYRS.After sampling,each sample filterwas
putintoapre–cleanedpetridish,sealedinaplasticbag,andstored
at 4°C until analysis. A total of 12 samples were collected
(6samples on Teflon filters and 6 on quartz fiber filters). Soil
samples were collected in small polyethylene bags around Ny–
Alesund(Figure1).Aftercollection,sampleswerefreeze–driedand
thenstoredinsmallbagsinadesiccatorbeforeanalysis.Atotalof
6soilsampleswerecollected.

2.5.Sampleanalysis

Water–soluble ionicspecies(sodium(Na+),nitrate(NO3о)and
SO4
2о)inaerosolswereanalyzedbyIonChromatography(IC)using
a Dionex ICS–90A with RFC–30 at the Third Institute of OceanͲ
ography, State Oceanic Administration, China, following the
proceduresbyZhaoandGao (2008)andXuetal. (2013).Halfof
eachTeflonsample filterwasextractedwith25mLMilli–Qwater
(18.2Mɏcmо1;Milli–Q Academic System;Millipore Corporation,
Billerica, MA, USA) in an ultrasonic bath for 40minutes and
leached overnight. The extracted solution was then filtered
through a PTFE syringe filter (0.45ʅm pore size; Fisherbrand,
FisherScientific,FairLawn,NJ,USA)andinjectedintotheICsystem
via an automated sampler (AS40; Dionex) using 5.0mL vials. A
CS12Aanalyticalcolumn(4×250mm2;Dionex),amethanesulfonic
acid eluent generator cartridge (EGC IIMSA;Dionex), a conducͲ
tivitydetector,anda25ʅLsample loop,wereused todetermine
theconcentrationsofNa+ inaerosolsamples.Theconcentrations
ofNO3оandSO42оinaerosolsamplesweredeterminedbyanAS18
analyticalcolumn,anAG18guardcolumn(4×250mm2;Dionex),a
Potassium Hydroxide (KOH) eluent generator cartridge (EGC II
KOH;Dionex), a conductivity detector, and a 25ʅL sample loop.
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National institute of Standards and Technology (NIST) traceable
calibration standards were run prior to and during sample
analyses.ThemethoddetectionlimitsforNa+,NO3оandSO42оwere
20,3and7ʅgLо1,respectively.Theoverallprecisionofthemethod
was <5%. Final concentrations of these species in aerosolswere
correctedbytheirfieldblanks.

TheotherhalfofeachTeflonsamplefilterwasanalyzedbyan
Inductively Coupled PlasmaMass Spectrometer (ICP–MS,Model
7500ce; Agilent) at the Third Institute of Oceanography, State
OceanicAdministration inChina todetermine the concentrations
of selected trace elements in aerosols [sodium (Na),magnesium
(Mg), aluminum (Al), potassium (K), calcium (Ca), vanadium (V),
chromium(Cr),manganese(Mn),iron(Fe),cobalt(Co),nickel(Ni),
copper (Cu), zinc (Zn),arsenic (As), selenium (Se), cadmium (Cd),
barium(Ba),lead(Pb)]followingtheproceduressimilartothosein
XiaandGao (2010).Briefly,onehalfofeachTeflon sample filter
wasdigestedwith concentratedHNO3 (OptimaA460–500, Fisher
Scientific) in a Microwave Accelerated Reaction System (MARS,
CEMCorporation).Therewerethreedigestionsteps:(1)heatingto
170±5°Cin5.5minutes,(2)remainingat170±5°Cfor30minutes,
and then (3) coolingdown for 20minutes to room temperature.
ThendigestedsolutionsweredilutedwithMilli–Qwaterto15mL
and injected to the ICP–MS system. The detection limits for all
traceelementsanalyzedinthisstudywerelessthan1pptandthe
precisionof themethodwas2%.Thedigestion recoveriesof the
elementsrangedfrom91%to104%,andoverallaverage levelsof
field blankswere 2–4 times lower than the sample values. Final
concentrationsof theelements insampleswerecorrectedby the
fieldblanks.

Soil samples were dried, grounded and passed through a
100mesh sieve. These soil samples (approximately 0.5g each)
wereweigheddirectly into100–mLpre–cleanedPyrex test tubes.
7.5mLof10Mconcentratedhydrochloricacid(HCl)and2.5mLof
10Mconcentratednitricacid (HNO3)wereadded toeachsample
tube.Themixturewasheated to120–130°C for14–16hoursand
wasthenaddedwith5mLofHClO4,andkeptheatinguntildryand
residue color becoming white. If the residue color was dark,
another5mLofHClO4wasaddedand thesamplewas re–heated
until residue was white. Following digestion, the mixture was
cooledandtransferred into100mLvolumetricflask.Eachsolution
wasdilutedwithMilli–Qwaterto100mLandwasanalyzedbyan
Inductively Coupled Plasma–Optical Emission Spectrometer (ICP–
OES,Optima7000DV;PerkinElmer,Shelton,USA)at the Institute
of Urban Environment, Chinese Academy of Sciences, China, to
determinetheconcentrationsofselectedtraceelementsfollowing
the DIN EN ISO 11885 protocol (European Committee for
Standardization, 1998).A certified referencematerial from China
NationalCenterforStandardMaterials(GBW–07407)wasdigested
and analyzed in the same way as samples were treated. The
precisionof themethodwas2%.Thedigestion recoveriesof the
selected elements in the referencematerial ranged from 90% to
115%.

TheconcentrationsofECandOCinaerosolsweredetermined
using a thermal–optical transmittance carbon analyzer (Sunset
Laboratory Inc.,Portland,OR,USA).Thedetailsof theOCandEC
analyseswereasdescribedintheNIOSH(1999).Theuncertainties
associatedwiththeECandOCmeasurementswere10%.

Toobtainthetotalaerosolgravimetricmass,Teflonfilterswere
weighed before and after sampling under the same controlled
temperature (20±2°C) and humidity (35±2%) conditions, using a
microbalance(ModelXP6/52,MettlerToledo)attheThirdInstitute
of Oceanography, State Oceanic Administration, China. The total
aerosol mass collected on each filter was calculated by the
differencebetween thepre–samplingandafter–samplingweights
of the filter. Detailed information on aerosol data is provided in
Table2andsoildataisshowedinTable3.

Figure3.Geopotential heights(shadedcolorsandcontourlines)and
windfields(vectors)at950hPabasedonthedatafromtheEuropean
centerformediumrangeweatherforecasts(ECMWF)reanalysisproject.
(a)Theaveragesoffieldsat950hPainJuly4–22from1981to2010,(b)
theaveragesoffieldsat950hPainJuly4–22,2012,and(c)the
anomaliesoffieldsin2012totheclimateaveragesin1981–2010.The
unitisgpmforgeopotentialheightsandms–1forwinds.Thecontour
lineintervalsare5gpmforboth(a)and(b)and10gpmfor(c).Thered
circlemarksthelocationofthisstudyatNy–Alesund.
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
Figure4.Thewindroseplotfortheentireexperimentperiod(July4–22,
2012)atNy–Alesund.Individualwinddirectionmeasurementswere
accumulatedandtherelativefrequencyisshownasapercentage.Wind
speed(ms–1)wasexpressedbydifferentcolourbars.

2.6.Dataanalysis

To identify source regions and evaluate the degree of
anthropogenic influence, crustal enrichment factors (EFs) were
calculatedasfollows:

(EFX)crust=(CX/CR)aerosol/(CX/CR)crust (1)

where,Xrepresentstheelementofinterest;EFxistheenrichment
factorofX;CXistheconcentrationofX;andCRistheconcentration
of a crustal reference element. The aerosol and crust subscripts
refer to particles in an aerosol sample and crustal material,
respectively.Alwas selected as a crustal reference element. The
average abundance of chemical elements in theNy–Alesund soil
wasusedtocalculateEFs(Table3).Elementalratiosderivedfrom
thesoildatainthisstudyandthosefromthetableinTaylor(1964)
were relatively comparable formost elements examined in this
study(Figure5).TheEFvaluesof lessthanfivewereoperationally
considered as indication of crustal origin, whereas the values
higherthanfivesuggestedanon–crustalsource.

TheconcentrationsofcrustalV,NiandMninaerosolsamples
werecalculatedfromthemassratiosoftheseelementstoAlinthe
soil samples.Thenc–V,nc–Ni,andnc–Mnwereobtainedby subͲ
tracting crustal V, Ni and Mn from the total V, Ni and Mn in
aerosols.Theconcentrationsofseasalt(ss)–SO42оinaerosolswere
calculatedfromthemeasuredNa+concentrationsintheairandthe
SO4
2о/Na+mass ratio for seawater of 0.252 (Millero, 2013). The
nss–SO4
2оconcentrationwasobtainedbysubtractingss–SO42оfrom
the total SO42о. The chemical reconstructedmasswas estimated
followingtheproceduresofMalmetal.(2007).Sulfateandnitrate
were assumed to be in the form of ammonium sulfate and
ammoniumnitrate.Theorganicmatter (OM)wasestimated from
OCbyassumingconversionfactor(1.8)ofOCtoOM(Malmetal.,
2007).Seasaltaerosolwasestimatedbymultiplyingsodiumwitha
factorof2.5, the ratioof sodium to sodium chloride in seawater
(Millero, 2013). Soilwas estimated by sums of typical oxides of
elements associatedwith soil (Al2O3, SiO2, CaO, K2O, FeO, Fe2O3,
TiO2).SoilKwasestimatedfromFemultipliedbyafactorof0.30,a
ratioofK/FeinsoilinNy–Alesundmeasuredbythisstudy.Non–soil
KwasobtainedfromthetotalKminussoilK.Theformulasusedin
thecalculationaresummarizedinTable4.
3.ResultsandDiscussion

3.1.Compositionoftotalaerosolmass

Themass concentrationsofTSPobservedat this site ranged
from 330 to 2290ngmо3, with a median concentration of
609ngmо3. These values were in the range of those previously
found over theArcticOcean (from 0.10 to 3.8ʅgmо3) (Leck and
Persson,1996a).

The nss–SO42о concentrations in aerosols observed at this
locationduring this study ranged from50.6 to203ngmо3,witha
meanof96.5ngmо3.Therecouldbemultiplesourcesfornss–SO42о
observed in the Arctic marine atmosphere (Leck and Persson,
1996b). Themajor anthropogenic contributions to nss–SO42о inͲ
cludedshipemissionsaround theArcticOcean (AMAP,2006)and
fossilfuelcombustionindistantregions(suchasEurasiaandNorth
America) that affected the Arctic mainly in winter and spring
throughlong–rangetransport(Normanetal.,1999).Inadditionto
volcanicemissions (AMAP,2006),thedominantnaturalsource for
nss–SO4
2оintheArcticairistheoxidationofdimethylsulfide(DMS)
from marine phytoplankton in sea water (Leck and Persson,
1996b). In summer, regionalmarinebiological sources contribute
about one third to the sulfate aerosol in the Svalbard region, as
observedatZeppelin stationbyHeintzenbergand Leck (1994). In
this region, themelting ice edge gives rise to a spring bloom of
phytoplankton (April–June), leading to the releaseofDMS to the
atmosphere from the uppermost ocean layer, resulting in the
formationofbiogenicaerosolsulfate(Parketal.,2013).

TheEC/OCratiosinaerosolsinNy–Alesundinsummerranged
from0.0076–0.28(median:0.04).TheobservedEC/OCratiosfrom
goingmarinedieselenginesranged from0.03to0.07 (Agrawalet
al.,2010). The variabilityof EC/OC ratios fromheavy–dutydiesel
ships was large, ranging from 0.2 to 2.4, depending on engine
types,model years,manufacturers, and sizes (Shah et al., 2004).
TheEC/OCratioscouldbe low in the idlephase (0.2), increase to
0.6 in the creepphaseandhigh in the transient (2.4) and cruise
(2.2)phase(Shahetal.,2004).

TheOCconcentrationsrangedfrom13.8to64.4ngmо3,witha
mean of 32.8ngmо3. Primary organic material could contribute
significantly to the organic carbon (Decesari et al., 2007). In
Svalbard,significantcarbonsignalswerefoundintheX–rayspectra
ofaerosols,andthatmightbeoriginatedfromhumicorhumic–like
substancesofmarineorigin(Weinbruchetal.,2012).

Chemicalreconstructedmassderivedfromtheproceduresby
Malmetal. (2007) shows reasonableagreementwithgravimetric
mass(Figure6),andthereconstructedaerosolcompositionidentiͲ
fied 81о94% of the aerosol gravimetric mass at Ny–Alesund.
However,amorenegativebiasappearedtowardthehigherendof
themassconcentration.Malmetal.(1994)foundasimilarpattern
andsuggested thatwatercouldbepartof theunidentifiedmass.
Bias in themultipliersused toaccount for theoxide formsof the
crustal elements could also provide another explanation for the
“missing mass in chemical reconstructed mass”. Despite to
uncertainties, soil, sulfate [as (NH4)2SO4]and sea salt contributed
to31.5%,24.1%,and20.4%of thegravimetricmass,respectively.
NitrateasNH4NO3,organicmatter,non–soilKandECaccountedfor
11.3%,9.4%,0.7%,and0.3%of thegravimetricmass.The results
suggestedthataerosolparticlesatNy–Alesundwerederivedfrom
complex sources including crustal materials, sea–spray and fuel
combustion.

HighestconcentrationofTSPwasobserved insample6when
two cruise ships with more than 1500passengers visited Ny–
Alesund,which iswas2290ngmо3,higher than those insamples
1–5 (330–1060ngmо3), and itwas almost six times higher than
that in sample 1 which was collected when there had been
a rainfall event during one of the 3 days sampling period
Unit m s–1
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
(330ngmо3). The concentrations of nss–SO42о (203ngmо3) in
sample6wereabout three timeshigher than thevalues inother
samples when few ships present and the concentration of OC
(64.4ngmо3) and EC (2.3ngmо3)was doubledwhen cruise ship
visitedNy–Alesund.Thissuggeststhatshipemissionsmightimpact
onaerosolchemicalcompositionatthislocationinsummer.

3.2.Episodesfromshipemissions

Identificationofshipemissions.Inordertoestimatetheinfluence
ofshipemissionsonthecompositionofaerosols,thenc–Vandnc–
Niwereusedas indicatorsofthissource (Barwise,1990;Vianaet
al., 2009). The nc–V concentrations ranged between 0.0043 and
0.98ngmо3and theconcentrationsofnc–Niwere from0.0038 to
0.57ngmо3.Elevatedconcentrationsofnc–V(0.98ngmо3)andnc–
Ni(0.57ngmо3)wereobservedinsample6whentwocruiseships
withmore than1500passengers visitedNy–Alesundon July19–
22, 2012,while nc–V and nc–Ni concentrationswere low at the
levels of 0.0043–0.050ngmо3 and 0.0038–0.17ngmо3, respectͲ
tively,when few cruise shipswere present. The nc–V and nc–Ni
concentrationsinsample6were38–foldand8–foldhigher,andthe
nss–SO4
2оconcentration (203ngmо3)was2–foldhighercompared
totheirmedianvaluesfoundduringthesamplingperiod.Thenc–V
concentration in sample 6was 43–fold higher than the summer
month average (0.022ngmо3) observed at Barrow from 1976 to
1978 (Rahn, 1981) and 9–fold higher than the summer average
(0.10ngmо3) atBarrow from2005 to2008 aswell (Quinnet al.,
2009).Accordingly,thenc–V/nc–Niratioof1.7wasobservedinthis
study,whichwashigher than that incoal (0.5),gasoline (0.3)and
dieselexhaust (0.5) (PacynaandPacyna,2001),but itwas in the
rangeofcrudeoilorpetroleum(1–10)(Barwise,1990),suggesting
thesourceofoilcombustion.

In addition, the nss–SO42о/nc–V ratio in sample 6 was low
(208) compared to that in other samples (range: 1 156–11 767).
Becaglietal.(2012)suggestedthatthenss–SO42о/nc–Vratioof200
canbedefinedas the lower limit foraerosolparticlesoriginating
fromheavyoilcombustion insummer.Thesignalsof theconcenͲ
trationsofnc–Vandnc–Niandtheratiosofnc–V/nc–Niandnss–
SO4
2о/nc–Vfoundinsample6indicatetheimpactofshipemissions
ontheambientparticulatematteratthislocation.


Table2.Comparisonoftheeffectsofcruiseshipsbetweendifferentsituationsontheconcentrationsofselectedtracespeciesandratiosin
aerosolsatNy–AlesundinJuly,2012
Substance
Few/No–ship CruiseShip Ratio Zeppelin Ratio
Max Min Cship/Cmedianb AnnualAveragec Cship/Czeppelind
(ngmо3) (ngmо3)
Na 7.36×101 8.72×100 2.08×102 3.0
Mg 3.49×101 2.94×100 9.06×101 8.0
Al 3.33×101 6.52×100 5.27×101 5.0
K 9.85×100 1.85×100 2.85×101 5.0
Ca 5.22×101 9.05×100 1.79×102 10.0
V 8.70×10о2 1.68×10о2 1.04×100 28.0 0.07о0.20 5.2о14.8
Cr 1.89×10о1 1.13×10о2 7.42×10о2 1.0 0.04о0.9 0.1о1.9
Mn 4.43×10о1 7.95×10о2 1.16×100 9.0 0.24о0.57 2.0о4.8
Fe 3.10×101 1.39×100 6.42×101 7.0
Co 2.68×10о2 1.08×10о3 5.08×10о2 5.0 0.055о0.14 0.4о0.9
Ni 1.77×10о1 2.58×10о2 5.92×10о1 8.0 0.07о0.19 3.1о8.5
Cu 3.48×10о1 4.45×10о2 2.64×10о1 1.0 0.25о0.41 0.6о1.1
Zn 9.03×10о1 2.53×10о1 8.88×10о1 1.0 1.2о1.9 0.5о0.7
As 7.38×10о3 1.14×10о3 2.21×10о2 4.0
Se 7.52×10о2 1.24×10о3 1.11×10о1 2.0
Cd 1.21×10о2 0.00×100 3.67×10о3 1.0 0.01о0.03 0.1о0.4
Ba 1.18×10о1 0.00×100 1.77×10о1 2.0
Pb 3.21×10о1 1.10×10о2 1.36×100 42.0 0.48о0.83 1.6о2.8
TSP 1.06×103 3.30×102 2.29×103 4.0
nc–V 4.96×10о2 4.31×10о3 9.76×10о1 39.0
nc–Ni 1.73×10о1 3.81×10о3 5.72×10о1 10.0
nc–Mn 5.02×10о2 2.71×10о3 5.35×10о1 119.0
nss–SO42о 1.08×102 5.07×101 2.03×102 3.0
NO3о 8.42×101 1.41×101 4.59×101 1.0
OC 5.42×101 1.66×101 7.73×101 2.0
EC 4.64×100 0.00×100 2.76×100 2.0
PAXa 4.77×103 4.41×102 6.02×103 3.0  
EC/OC 2.80×10о1 0.00×100 3.57×10о2 1.0
nc–V/nc–Ni 9.62×100 2.49×10о2 1.70×100 3.0
nss–SO42о/nc–V 1.18×104 2.08×102 2.08×102 0.0  
aPAX:thenumberofshippassengers
bCship/Cmedian:theconcentrationsmeasuredduringcruiseshippresentovermedianconcentrationofthesamplingperiod
cAnnulmeanconcentrationsattheZeppelinStation(Bergetal.,2004)
dCship/Czeppelin:theconcentrationsduringcruiseshippresentoverannualmeanconcentrationsofelementsattheZeppelinStation
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
Table3.ConcentrationsofelementsinsoilsampleatNy–Alesund(mgkgо1)
Elements Max Min Average LODa
Na 1.16×103 3.46×102 7.28×102 8.75×10о1
Mg 9.46×103 7.99×102 3.43×103 3.00×10о2
Al 2.75×104 1.26×104 2.09×104 4.50×10о2
K 8.60×103 3.64×103 6.01×103 1.00×10о2
Ca 2.61×104 4.72×102 6.61×103 1.00×10о2
V 4.67×101 3.43×100 2.35×101 1.00×10о2
Cr 9.12×101 3.42×101 5.10×101 6.10×10о3
Mn 4.19×102 7.74×101 2.47×102 1.60×10о3
Fe 2.94×104 9.16×103 1.99×104 5.10×10о3
Co 7.34×100 1.13×100 5.10×100 6.00×10о3
Ni 1.31×101 2.10×100 7.69×100 1.00×10о2
Cu 2.04×101 1.04×101 1.70×101 5.40×10о3
Zn 1.36×102 7.13×101 1.15×102 1.80×10о3
As 6.89×100 1.54×100 3.82×100 4.00×10о3
Se 1.23×100 4.67×10о1 8.03×10о1 5.40×10о3
Cd 2.08×10о1 1.66×10о2 1.12×10о1 4.60×10о3
Ba 1.46×102 8.00×101 1.10×102 1.30×10о3
Pb 5.91×101 1.28×101 3.57×101 9.00×10о2
aLOD:limitofdetection

Effectsofshipemissionsontheairquality.The influenceofship
emissionsontheambientairqualityatthislocationwasexamined
bycomparingcertain traceelementsbetweensample6collected
during largeshipemissionsandsamples1–5affectedbyfew–ship
emissions.Traceelementsconcentrations insample6werehigher
thanthevalues insamples1–5andthevaluesmeasured in1980s
(PacynaandOttar,1985;MaenhautandCornille,1989)(seeFigure
7).Elements (Al,Fe,Co) in sample6were5–7 timeshigher than
samples1–5.Anthropogenicelements,Ni,V, andPb in sample6
werefound,8–fold,26–foldand41–foldofthesamples1–5.

Figure5.CorrelationofelementalcompositionbetweensoilsatNy–
AlesundandcrustalmaterialsinTaylor(1964).

The concentrations of trace elements typically derived from
pollution sourcesobservedatNy–Alesundduring this studywere
higher than those at Zeppelin station and otherArctic sites. The
concentrationofV in sample6was1.0ngmо3,about4о14times
higherthantheannualmeanvalues(0.07о0.20ngmо3)observedat
ZeppelinStationandwashigherthanthosemeasuredduringHaze
events(0.11о0.13ngmо3)atNorthAmericanArcticandNorwegian
Arctic(SheridanandZoller,1989).
Figure6. Comparisonbetweenchemicalreconstructedmassand
gravimetricmass.

TheNi concentration in sample6was also2о8 timeshigher
thantheannualmeanNiconcentrationsatZeppelinStation (Berg
et al., 2004),whichwas six times higher than those obtained in
other samples during this study and those observed during the
summer campaigns from 1980 to 1982 at the same location
(MaenhautandCornille,1989),whichwashigher than themean
concentration(0.29ngmо3)observedduringthewintermonthsof
1984–1986atNy–Alesund(MaenhautandCornille,1989),andwas
evenhigher than themeanconcentrationsof1980–1982atAlert
(0.32and0.38ngmо3),Lgloolik (0.14and0.27ngmо3)andMould
Bay(0.40and0.45ngmо3)intheCanadianArctic(BarrieandHoff,
1985).

Otherelementsthatalsoshowedsimilarpatterns includePb:
itsconcentration inthissamplewas1.36ngmо3,1–2timeshigher
thanannualmeanPbconcentrationsatZeppelinstationinsummer
(Berg et al., 2004). These comparisons indicated that ship emisͲ
sionscontributedsignificantlytotheconcentrationsandcomposiͲ
tions of particulatematter in the ambient air at this location in
summer.
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3.3.Periodswithfew–shipvisits

Chemicalcompositions.TraceelementconcentrationsintheaeroͲ
sols collectedwhen few–ship visitedNy–Alesundwere compared
with history data collected atNy–Alesund in the summer in the
1980s (Pacyna and Ottar, 1985; Maenhaut and Cornille, 1989)
(see Figure7). The concentration of elements characteristic from
anthropogenic, (e.g., Cr, Ni, Pb, As, Se) were lower than 1980s
(PacynaandOttar,1985;MaenhautandCornille,1989),andVand
Mnwas in the lowerendof thevalues in the1980s (Pacynaand
Ottar, 1985; Maenhaut and Cornille, 1989). Relatively lower
concentrationsofPbmeasured inNy–Alesund insummeraredue
to a reduction in theuseof leadedpetrol.nc–Vobserved in the
atmosphere results from fuel combustion (Zoller et al., 1973),
whichconcentrationsrangedbetween0.0004ngmо3and0.050ng
mо3 at Ny–Alesund. The nc–Mn concentrations ranged between
0.0027ngmо3and0.05ngmо3.Thecomparisonof theconcentraͲ
tionsofnc–Vandnc–Mnwith thoseobservedatAlert,Bearand
Spitsbergenshowingthatthesevalueswerelowerthanthevalues
reportedintheliteratureinthesummerArctic(Rahn,1981;Quinn
et al., 2009) (see Figure 8). The concentrationsof anthropogenic
elements (nc–V,nc–Ni,Cr,As,Cd andPb)observed in this study
were also lower than those in 1980s (Pacyna and Ottar, 1985;
Maenhaut and Cornille, 1989). Thismight be partly due to the
decreasedsourcestrengthssincethe1990’s(Bergetal.,2004)and
a reduction in theuseof leadedgasoline.Thisagreeswithglobal
decrease in emissions. The declined trend of the long–range
transport of pollutants is well documented, which can be seen
fromthedecreaseofblackcarbonfromlong–rangetransportsince
1990’s (Eleftheriadis et al., 2009; AMAP, 2011) and decreased
emissions from the Europe, Scandinavia and Russia since 1980’s
(Weinbruch et al., 2012). However, comparable concentrations
were found inmetallicelements (Cu,Zn,andMn).Thisgenerally
agree with the long–term measured at Svalbard that with no
significanttrendinthetemporalvariationsofCuandZnatSvalbard
from1994to2002(Bergetal.,2004).Thismightberelatedtothe
temporal variation in the potential source regions (Weinbruch et
al.,2012).


Table4.Majorchemicalspeciesinaerosolsderivedfromcalculations
AerosolSpecies Calculated
Reconstructedaerosolmassa
Soil [Soil]=2.20[Al]+2.49[Si]+1.63[Ca]+2.42[Fe]+1.94[Ti]
Silica=Si [Si]=2.93[Al]
Soilpotassium=Soil–K [Soil–K]=0.30[Fe]
Nonоsoilpotassium=nonsoil–K [nonsoil–K]=[K]о[Soil–K]
Ammoniumsulfate=(NH4)2SO4 [(NH4)2SO4]=1.375[SO42о]
Ammoniumnitrate=NH4NO3 [NH4NO3]=1.29[NO3о]
Organicmatter(OM) [OM]=1.8[OC]
Sodiumchloride(NaCl) [NaCl]=2.5[Na]
Reconstructedaerosolmass=Massrecon [Massrecon]=[Soil]+[NaCl]+1.375[SO42о]+1.29[NO3о]+[OM]+[EC]+1.2[nonsoil–K]
Ionicspeciesb
nonseasaltSO42о=nss–SO42о [nss–SO42о]=[SO42о]total–[Na+]×0.252
Elements
noncrustV=nc–V [nc–V]=[V]о([V]/[Al])crust×[Al]aerosol
noncrustNi=nc–Ni [nc–Ni]=[Ni]о([Ni]/[Al])crust×[Al]aerosol
noncrustMn=nc–Mn [nc–Mn]=[Mn]о([Mn]/[Al])crust×[Al]aerosol
aMalmetal.(2007)
bMillero(2013)

Figure7.ComparisonofelementconcentrationsobservedinJuly2012withtheconcentrationsobservedinthesummerfromothersat
Ny–Alesund(MaenhautandCornille,1989;PacynaandOttar,1985).


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
nc–Mn/nc–V and enrichment factors. The nc–Mn/nc–V ratios in
aerosol samples canbeused to identify aerosol sourcesbecause
thisratiomayreflect thesignaturesofpollution insourceregions
sincesourcesinEurasiawereidentifiedwithanc–Mn/nc–Vratioof
2.0,whereassourcesinthenortheastU.S.A.wereidentifiedwitha
nc–Mn/nc–Vratioof0.41(Rahn,1981;Quinnetal.,2009).EFscan
be used to evaluate the degree of influence of anthropogenic
emissions on atmospheric aerosols at Ny–Alesund (Figure 9).
Thereby, the nc–Mn/nc–V ratios, enrichment factors associated
withairmasstrajectorieswereemployedtointerpretthefeatures
of air masses over the Ny–Alesund while few ships visited in
summer.

Themeannc–Mn/nc–V ratio in samples from this studywas
0.54,witharangeof0.12–1.1(Table1).Theseratiosmeasured in
Ny–AlesundinJuly2012hadalargerangethantheratiosobserved
atNorwegianArcticinwinterin1980s(range:0.49–0.85).Thenc–
Mn/nc–Vratiowas1.0inairmassesfromtheArcticOcean(sample
2 and 3). This ratio is higher than the ratio obtained in the
NorwegianArctic(0.49–0.85)andlowerthantheratioobservedat
theBarrowAlaska(1.3–2.3)(Quinnetal.,2009).Thissuggeststhat
traceelementsobservedinthesamplingstationcouldbeaffected
byamixtureofairmassesfromNorthAmericanArcticwiththose
fromNorwegianArctic.EnrichmentfactorsofelementsNi,Se,and
Cdwerehighintheseairmasses.

Thenc–Mn/nc–Vratiowas0.2intheAirmassesfromIceland
(sample1),whichwassignificantly lowerthantheratios (2.1–4.3)
intheairmassesinEurasiaandisclosetotheratios(0.25–0.47)in
theairmasses in thenortheastUSA (Rahn,1981).Thissuggested
thattheairmassesarrivingfromIcelandmightbelinkedtotheair
massesinthenortheastUSA.Thenc–V/nc–Niinsample1was0.57,
whichwasclosetocoal(0.5)anddieselexhaust(0.5),higherthan
gasoline(0.3)(PacynaandPacyna,2001)and lowerthancrudeoil
orpetroleum(1–10)(Barwise,1990),suggestingtheinfluencefrom
coal burning and diesel fuel combustion along the path. In
addition, high EFs of Pb and Znwere observed in the sample 1
ranked second only to sample 6 (influenced by ship emissions).
SimilarphenomenonwasalsofoundatNy–Alesundinthesummer
byPacynaandOttar(1985),whoindicatedthatthehighZnandPb
concentrations in the airmasses from Greenland and pass over
Icelandwereassociatedwith leadandzincminingalongthepath.
This suggested the air masses arriving from Iceland could have
been contaminated by mineral production along the path in
additiontocoalanddieselfuelcombustion.


Figure8.Comparisonoftheconcentrationsofnc–Vversusthoseofnc–MnobtainedatNy–Alesund insummerduringthisstudywiththosefrom
Barrow(Quinnetal.,2009),Eurasia,NortheastUSA,BarrowandMouldBayintheNorthAmericanArcticandBearIslandandSpitsbergeninthe
NorwegianArctic(Rahn,1981).

Figure9.EnrichmentfactorsofelementsinaerosolsatNy–Alesundagainstcrustalcomposition,withAlasthereferenceelement.Thedashlineindicates
thevalueof5thatoperationallyseparatescrustal/seawaterandnon–crustalsources/non–seawatersources.
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The nc–Mn/nc–V ratios ranged from 0.1 to 0.3 in the air
massesfromnorthRussia(sample4and5),whichwaslowerthan
thosefromtheNorwegianArctic inwinter in1980s(ranged0.49–
0.85). Thismight be related to the decrease in ratios during the
transportasresultof thedifferencesizedistributionofMnandV
(Rahn,1981;Quinnetal.,2009).Thisratiowoulddecreasemorein
thesummerthan inthewinterduetomoreprecipitationand low
transportefficiencyinthesummer.ElementsCu,Zn,Se,Cd,andNi
werefoundtobeenrichedintheseairmasses.Similarresultswere
reportedbyWeinbruchetal.(2012)thathighNi,Zn,andCuwere
foundinairmassesarrivingfromNorthRussia,possiblyrelatingto
pollutantsemittedfrommetallurgicalindustry.

Thereby,when few ships visitedNy–Alesund, the concentraͲ
tionof anthropogenic elements (nc–V,nc–Mn,Cr,Ni,Pb,As, Se)
were lower than 1980s (Rahn, 1981; Pacyna and Ottar, 1985;
MaenhautandCornille,1989)when few–shipvisitedNy–Alesund,
suggestingsummerNy–Alesundcanbecountedas“clean”region;
however, anthropogenic signal reflected by nc–V/nc–Mn and
enrichment factor still canbe seen in theairarriving fromNorth
America Arctic, Iceland and North Eurasia in Ny–Alesund in the
summer.

4.Conclusions

The selected trace elements, ionic species and organic/
elemental carbon in aerosols and elemental compositionof local
soilsweremeasured to assess the origins of aerosols and their
impact on aerosol chemical composition in Ny–Alesund in the
summer.Theconcentrationsofanthropogenicelements(nc–V,nc–
Mn, Cr, Ni, Pb, As, Se) were lower than 1980s when few–ship
visitedNy–Alesund;however,anthropogenicsignalreflectedbync–
V/nc–Mnandenrichmentfactorcanbeseenintheairarrivingfrom
NorthAmericaArctic, IcelandandNorthEurasia inNy–Alesund in
thesummer.

Significantly enhanced levels of nc–V, nc–Ni was observed
whentwocruiseshipswithmorethan1500passengersvisitedNy–
Alesund. The nc–V, nc–Ni and Pb concentration in sample 6was
38–fold,8–foldand40–fold, respectively,higher than themedian
values observed during the sampling period. Elevated concentraͲ
tionsofTSP,nss–SO42о,OC,ECandtraceelements(Mn,Fe,Co,Ni,
As,andSe)intheaerosolswerealsoobservedwhenthepresence
of cruise ships, suggesting that ship emissions contributed
significantlytopollutantsinNy–Alesundinthesummer.

Theresultsindicatethatshipemissionssignificantlycontribute
to aerosols concentrations in Ny–Alesund in the summer. This
studymay serve for future research that seeks to examine the
impact of anthropogenic emissions on the physiochemical
propertiesof aerosol,particularly in identifying tracers that track
thesourcesofaerosols.

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